1. We have isolated a mutant of Escherichia coli K12 (strain AN295) that forms de-repressed amounts of Mg2+,Ca2+-stimulated adenosine triphosphatase. 2. The Mg2+,Ca2+-stimulated triphosphatase activity was separated from membrane preparations from strain AN295 by extraction with 5mM-Tris-HCl buffer containing EDTA and dithiothreitol, resulting in a loss of the ATP-dependent transhydrogenase activity. The non-energy-linked transhydrogenase activity remained in the membrane residue. 3. The solubilized Mg2+,Ca2+-stimulated adenosine triphosphatase activity from strain AN295 was partially purified by repeated gel filtration. The addition of the purified Mg2+,Ca2+-stimulated adenosine triphosphatase to the membrane residue from strain AN295 reactivated the ATP-dependent transhydrogenase activity. 4. Strain AN296, lacking Mg2+,Ca2+-stimulated adenosine triphosphatase activity, was derived by transducing the mutant allele, uncA401, into strain AN295. The ATP-dependent transhydrogenase activity was lost but the non-energy linked transhydrogenase was retained. 5. The ATP-dependent transhydrogenase activity in membrane preparations from strain AN296 (uncA-) could not be re-activated by the purified Mg2+,Ca2+-stimulated adenosine triphosphatase from strain AN295. However, after extraction by 5mM-Tris-HCl buffer containing EDTA and dithiothreitol, the ATP-dependent transhydrogenase activity could be re-activated by the addition of the purified Mg2+,Ca2+-stimulated adenosine triphosphatase from strain AN295 to the membrane residue from strain AN296 (uncA-).
triphosphatase from strain AN295 to the membrane residue from strain AN296 (uncA-).
Strains of Escherichia coli K12 carrying mutations in the uncA gene (see Table 1 ) have been used to study the function of Mg,Ca-ATPaset by comparing the properties of the mutant strain with those of a normal strain. However the mutation in the uncA gene has not yet been used as a means of specifically depleting the cell membrane of Mg,Ca-ATPase activity with a view to studying its reconstitution. The reconstitution of the membrane could be detected by the reactivation of an energy-linked reaction dependent on Mg,Ca-ATPase. Such a reaction would be the ATP-dependent transhydrogenase, the activity of which is lost in strains carrying mutations in the uncA gene ).
The present paper describes a study in which partially purified Mg,Ca-ATPase from E. coli was used to reactivate the ATP-dependent transhydrogenase in membrane preparations from a strain carrying a mutation in the uncA gene.
Experimental Materials
Chemicals. Chemicals generally were of the highest purity available commercially, and were not further purified. Lactate dehydrogenase was supplied by Sigma Chemical Co., St. Louis, Mo., U.S.A. and glutathione reductase was from Calbiochem (Australia) Pty. Ltd., Carlingford, N.S.W., Australia.
Organism. All the bacterial strains used were derived from E. coli K12 and are described in Table 1 . The method for isolating mutants unable to grow with succinate as sole source of carbon has been described previously (Cox et al., 1968) .
Methods
Media and growth oforganisms. The medium used was that described by Monod et al. (1951) Table 2 ). The pellet remaining after the low-ionicstrength washes was resuspended in the low-ionicstrength buffer system to a volume equal to two-thirds of the original volume of membrane fraction. This suspension was designated the 'membrane residue' (E, Table 2 ).
All operations on the whole cells and membranes were carried out at 4°C. Solubilized Mg,Ca-ATPase preparations were either stored at room temperature or at 4°C in the presence of 20% (v/v) glycerol. Membrane residues were stored at 4°C in the presence of 20 % (v/v) glycerol.
Protein concentrations were determined by using Folin's phenol reagent (Lowry et al., 1951) with bovine serum albumin (Fraction V; Sigma Chemical Co., St. Louis, Mo., U.S.A.) as standard.
Transduction technique. The technique for transduction experiments, in which the generalized transducing bacteriophage PIKC was used, were carried out as described by Pittard (1965) .
Measurement of the ATP-dependent transhydrogenase activity. The reduction of NADP+ by NADH was assayed by coupling the reaction to the NADPHdependent glutathione reductase and measuring the decrease in E340 (Ernster & Lee, 1967) . Details of the technique used are described by Cox et al. (1971) .
Measurement of the non-energy-linked transhydrogenase activity. Reduction of NAD+ by NADPH was assayed by coupling the reaction to the NADHdependent reduction of pyruvate by lactate dehydrogenase and measuring the decrease in E340. Details of the technique used are described by Cox et al. (1971) .
1973
Assay ofMg,Ca-ATPase. During the present work only the ATPase activity in the presence of Mg2+ was measured as a routine. The reaction mixture contained 0.1 M-Tris-HCl buffer (pH9), 20mM-ATP, 10MM-MgCl2, 0.75mM-EDTA and 1 mM-dithiothreitol in a final volume of 1 ml. The reaction was started by the addition of 5-50,ul of enzyme preparation. After incubation for 10min at 30°C in a water bath, the tubes were transferred to an ice bath and 0.5 ml samples of the reaction mixture added to 9.5 ml of King's reagent (King, 1932) . After 15min the E660 was measured. The assay was checked to ensure that the activity was proportional to the amount ofprotein added. Controls without substrate or without enzyme preparation were also included.
Column chromatography. Column chromatography was carried out by using Agarose (Biogel A-5m, 200-400 mesh; Bio Rad, Richmond, Calif., U.S.A.) in a 2.5cm x90cm column that was eluted with 5mM-Tris-HCl buffer pH7.4, containing 0.5mM-dithiothreitol and 0.25mM-EDTA. The elution rate was 25ml/h and 3.5ml fractions were collected. Active column-fractions were pooled and then concentrated by using a Diaflo XM-50 ultrafilter.
Results

Preparation andpreliminary examination of bacterial strains
During the examination of a number of mutants able to grow with glucose, but not succinate, as the sole source of carbon, a strain (AN233) was found that had two properties not previously noted in mutants with this phenotype. First, the strain formed higher amounts of Mg,Ca-ATPase than normal and secondly, it could grow if the succinate medium was supplemented with adenine and serine. These two characteristics are probably the result of a single mutation, the mutation being co-transduced with the argH gene at a frequency of about 12%. The argH gene maps at minute 77 on the E. coli chromosome (Taylor, 1970) .
A set of strains suitable for the present investigation was then prepared by inserting the new mutation into strain AN248 by co-transduction with the argH gene to give strain AN295. The allele uncA401, which affects Mg,Ca-ATPase activity was then transduced into strain AN295 thereby deriving strain AN296 (uncA-). (uncA-) showed no detectable Mg,Ca-ATPase activity.
Solubilization of the Mg,Ca-ATPase activity Treatment of the membrane preparations with 5mM-Tris-HCl buffer containing EDTA and dithiothreitol (see the Experimental section) resulted in the separation ofa crude soluble Mg,Ca-ATPase preparation (concentrated 5 mM-Tris wash) and a membrane residue. The membrane residue retained NADH oxidase and non-energy-linked transhydrogenase activities (Table 2 ). During this fractionation the ATP-dependent transhydrogenase activity was lost. There was an overall recovery of about 70% of the Mg,Ca-ATPase activity present in the original membranes with 59 % being recovered in the concentrate of the low-ionic-strength wash.
Reactivation of the ATP-dependent transhydrogenase activity
The ATP-dependent transhydrogenase activity lost during the fractionation of the membranes could be restored by the addition of the concentrated 5mM-Tris wash to the membrane residue (Fig. 1) . Fig. 1 shows that the restoration of energy-linked transhydrogenase activity is not a linear function of the amount of concentrated 5mm-Tris wash added, but that there is a linear relationship between the extent of reactivation and the square of the amount of concentrated 5mM-Tris wash added.
Further purification of Mg,Ca-ATPase
Further purification of the Mg,Ca-ATPase in the concentrated 5mM-Tris wash was achieved by repeated gel filtration by using agarose beads (Biogel A-Sm). The results can be seen in Fig. 2 . The specific activity of the peak fraction obtained from column B was 18,umol of Pi/min per mg of protein which represents a 23-fold purification of Mg,Ca-ATPase activity in the membrane fraction from strain AN295 and an approximately 80-fold purification relative to membranes from normal cells.
The purified Mg,Ca-ATPase was then tested for its ability to reactivate the ATP-dependent transhydrogenase when combined with the membrane residue from strain AN295. Amount of concentrated 5mM-Tris wash added (mg of protein) Fig. 1 . Reactivation of the ATP-dependent transhydrogenase activity The ATP-dependent transhydrogenase activity was measured in the membrane residue (1.1 mg of protein) from strain AN295 by using the assay system described in the Experimental section. The basal level of activity was found to be 33nmol of NADPH formed/min and was subtracted to give the values shown. The increase in ATP-dependent transhydrogenase activity was determined on the addition of increasing amounts of concentrated 5mM-Tris wash from membranes of strain AN295. 1973 .ict.X Reactivation of the ATP-dependent transhydrogenase in strain AN296 (uncA-) As expected, membranes from strain AN296 (uncA-) also lacked ATP-dependent transhydrogenase activity ). The addition of either the concentrated 5 mM-Tris wash (Fig. 4, curve A) or the purified Mg,Ca-ATPase did not result in any appreciable increase in the ATP-dependent transhydrogenase activity. However, if the membranes Vol. 132 from strain AN296 (uncA-) were first exposed to a low-ionic-strength wash, identical with that described above for the removal of the Mg,Ca-ATPase activity from the membranes of strain AN295, then the resulting membrane residue could be reactivated by the addition of either the concentrated 5 mM-Tris wash from strain AN295 (Fig. 4, curve B) or the purified Mg,Ca-ATPase from strain AN295.
Discussion
The solubilization The ATP-dependent transhydrogenase activity was measured as described in the Experimental section. The reaction mixture included membrane residue (0.7mg of protein) and a Mg,Ca-ATPase preparation (0.07mg of protein) consisting of concentrated column fractions 52-55 from the third chromatography on Agarose (see Fig. 2c ).
Bragg (1972) and Kobayashi & Anraku (1972) . The technique used in these studies for solubilizing the Mg,Ca-ATPase activity has been to treat membrane preparations with low-ionic-strength buffer as described for the solubilization of the ATPase from Streptococcusfaecalis by Abrams (1965) . The method of solubilization of the Mg,Ca-ATPase described in the present paper is similar to that of Abrams (1965) although the lithium chloride treatment was omitted and EDTA and dithiothreitol were included in the buffer used. The specific activity ofthe Mg,Ca-ATPase after repeated gel ifitration was 18,umol of Pi/min per mg of protein, which is somewhat higher than that reported by Davies & Bragg (1972) Fig. 4 . Comparison of reactivation of ATP-dependent transhydrogenase activity The fractions tested were, curve A, membrane preparation from strain AN296 (uncA-) and curve B, membrane residue from strain AN296 (uncA-). The ATP-dependent transhydrogenase activity was measured as described in the Experimental section. To the reaction mixtures were added membrane preparation (1.1 mg of protein) or membrane residue (1.1 mg of protein) and concentrated 5mM-Tris wash (0.4mg of protein) from strain AN295.
although the different temperatures used for the assay of Mg,Ca-ATPase activity make the results difficult to compare.
The reactivation of the ATP-dependent transhydrogenase activity in membranes from strain AN296 (uncA-) by the purified Mg,Ca-ATPase could not be achieved unless the membranes had been submitted to the low-ionic-strength washing procedure. This may indicate that the mutant allele uncA401 codes for an altered Mg,Ca-ATPase protein that has lost activity but is still bound to the membrane at the sites normally occupied by the active Mg,Ca-ATPase. Alternatively, the Mg,Ca-ATPase protein may be a component of an aggregate analogous to the 'knobs' purified from mitochondria (see Razin, 1972) . Strain AN296 (uncA-) may still form an aggregate, albeit of altered composition and lacking Mg,Ca-ATPase activity, but sufficiently similar to occupy the membrane sites of normal 'knobs'.
The reconstitution experiments indicate that the time taken for the reassociation of the purified Mg,Ca-ATPase activity and the membrane residue is about 2min under the conditions used. The nonlinear relationship between the amount of Mg,CaATPase added and the extent of the reactivation 1973
indicates that co-operative effects may be involved, reminiscent of those described by Kagawa (1972) (Baron & Abrams, 1971) . The strain of E. coli (AN295) that has derepressed amounts of Mg,Ca-ATPase is of considerable interest. No attempt has been made to assign a name to the gene mapping at about minute 77 which directly or indirectly affects the Mg,Ca-ATPase activity. Whether the gene concerned is one of the known genes in this region indirectly affecting the amount of Mg,Ca-ATPase activity or whether a new gene is concerned is a subject for further investigation. The complete loss of Mg,Ca-ATPase activity from strain AN295 after the insertion of the uncA401 allele indicates that there is a real de-repression of Mg,Ca-ATPase activity and not an additional ATPase being expressed.
It is assumed that both the ATP-dependent and non-energy-linked transhydrogenase activities involve different forms of the same enzyme. It has previously been shown that both activities are inhibited by tri-iodothyronine and thyroxine (Ball & Cooper, 1959; Stein et al., 1959; Hommes & Estabrook, 1963) and antibodies prepared against the purified nonenergy-linked transhydrogenase inhibited both transhydrogenase activities (Kawasaki et al., 1964) . Further, a strain of E. coli has recently been isolated in which a mutation, in a gene mapped by co-transduction, affected both ATP-dependent and non-energy-linked transhydrogenase activities (J. D. Butlin, unpublished work) . The process by which the high-molecular-weight ATPase complex reassociates with the transhydrogenase protein in the membrane residue to reactivate the ATP-dependent transhydrogenase activity presents an intriguing problem for future work.
